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while detecting reduced rCBF in areas normal by CT in eight of the nine patients. All areas that were abnormal Assessment of regional CBF (rCBF) can offer significant information for evaluating patients who have had cerebrovascular symptoms. At least four different methods of measuring rCBF have been de scribed and validated: (a) probe or single-photon emission computed tomography (SPECT) measure ment of 133Xe washout (Obrist et aI. , 1967 (Obrist et aI. , , 1975 Posner, 1972; lngvar and Lassen, 1978; Lassen et aI. , 1983a) ; (b) positron emission tomography with 77Kr (Yamamoto et aI. , 1977) , 150-labeled water (Jones et aI. , 1976; Huang et aI. , 198 1; Raichle et aI. , 1981) , [ 1 8F] antipyrine (Ducan et ai. , 198 1) , [18F] methane (Holden et aI. , 198 1) , and llC-labeled alcohols (Raichle et ai. , 1976) ; (c) xenon-enhanced computed tomography (XeCT) (Drayer et aI. , 1978; Meyer et aI. , 1980; Gur et aI. , 1982) ; and (d) planar or SPECT imaging with the radiolabeled amines N isopropyl-p-[123I]iodoamphetamine (IMP ) (Kuhl et aI. , 1982) or N,N,N'-trimethyl-N'-2-hydroxyl-3-methyl-[123 1 ]5-iodobenzyl-1 ,3-propane diamine (Kung et aI. , 1983) . 133Xe washout is the oldest of these methods, but affords the poorest spatial reso lution. Positron tomography offers extremely good resolution and quantitation of rCBF, but is avail able at only a few sites because of its great expense related to a necessary on-site cyclotron and asso ciated imaging equipment. XeCT results in func tional images of both good resolution and quantita tive information, at only moderate expense over and above the CT scanner available at most hos pitals. Brain imaging with radiolabeled amines is the most recently described technique used for as sessment of rCBF, but is at an early stage of devel opment.
Few correlative studies have been done between the radionuclide methods and XeCT to determine their respective roles in the evaluation of rCBF. No comparison has been made between positron to mography and XeCT. Only a limited number of pa tients have had rCBF measured by both I33Xe washout and XeCT, but the measured flow rates correlate well (Takahiro et aI., 1982) . 133Xe washout rCBF images are of poorer resolution than those by XeCT because of partial volume effects and ab sorption and scatter of the photons from I33Xe decay (particularly with the probe method). In ad dition, unlike the I33Xe washout method, XeCT need not assume a constant tissue/blood partition coefficient for calculation because the technique allows measurement of the local tissue/blood parti tion coefficient of xenon. This is advantageous in that local tissue/blood partition coefficients have been shown to vary in areas of cerebrovascular dis ease (Meyer et aI. , 1984) . Therefore, XeCT can be considered to be a more accurate way of measuring rCBF than 133Xe washout.
In our institution rCBF assessment was available by both XeCT and SPECT/IMP. The positional in formation and improved contrast resulting from SPECT enhance the diagnostic information from the SPECT/IMP examination as compared with conventional planar imaging (Lee et aI. , 1982a ). An early comparison of the tomographic measurement of rCBF by 133Xe washout with IMP distribution using a detector system dedicated to head examina tions showed slightly higher resolution in IMP images, while pointing out that 133Xe was still more practical owing to its ready availability and low cost and the ability to quantitate rCBF with it without arterial blood sampling (Lassen et aI. , 1983b) . Recent advances in instrumentation for SPECT have improved the quality and resolution of rCBF images with IMP, and IMP has become more generally available. Since IMP rCBF images are su perior in resolution to those of the 133Xe washout method, a comparison of IMP with XeCT rCBF images is warranted to determine if these tech niques yield clinically significant differences in rCBF images.
METHODS
For SPECT/IMP, studies were acquired on one of two cameras: a rotating gamma-camera with no modification of the camera head or table (25-to 30-cm radius of rota tion) or a more recently available rotating gamma-camera with a "cutoff" detector and special head holder (13-to 14-cm radius of rotation). On the newer camera, a proto type high-resolution medium-energy collimator was used to reduce septal penetration by high-energy photons from 1241 impurity. Three to five millicuries of IMP was in jected intravenously, and data acquisition was started 20 min later so as to allow time for IMP cerebral equilibra-J each Blood Flow Metah, Vol. 6, No.6, 1986 tion. Sixty-four images, each 40 s, were acquired over 360° in a 64 x 64 data matrix (each pixel 4 x 4 mm).
Tw o-dimensional filtering (Butterworth filter; Fe = 0. \6 cycle/pixel, power factor = 10) was done on the planar images before doing transverse reconstruction using fil tered back-projection with a ramp filter. Tr ansverse images were reoriented to match the CT orientation 
RESULTS
Visual analysis of the images for all nine study patients revealed flow abnormalities in both cor tical and deep brain structures by both techniques at all sites of infarction identified by CT. One pa tient (case 1) with a normal CT also had normal rCBF seen on both XeCT and SPECT/IMP. Areas of reduced rCBF that appeared normal on CT were seen in eight of the nine patients. Areas that were abnormal on XeCT were abnormal on SPECT/IMP transaxial images. The visual correlation between the SPECT/IMP images done with the older gamma-camera (three patients) and XeCT was barely adequate because of the poorer detail of the older as compared with the newer gamma-camera. Visual correlation between SPECT/IMP with the newer gamma-camera and XeCT was good. Three representative cases studied with the newer gamma-camera are presented to demonstrate the adequacy of visual correlation between SPECT/ IMP and XeCT and to characterize the normal and abnormal appearance of rCBF images by these techniques. "Normal" appearance for XeCT con sists of right-to-Ieft hemisphere symmetry with in creased flow in the cortical gray matter and basal ganglia relative to adjacent white matter.
Case 1 (J.D. ) ( Fig. 1) The "normal" SPECT/IMP is shown as a series of transaxial, coronal, and sagittal slices through the entire brain; greatest activity is seen in a strip corresponding to cortical gray matter, with high ac tivity also in the region of the basal ganglia and thalamus. Although SPECT/IMP is coarser in reso lution than XeCT, Sylvian fissures are apparent, and the distribution of activity in the cortical gray matter suggests the gyral architecture seen on both CT and XeCT. Serial coronal images are reviewed to help confirm left-to-right symmetry in both deep and surface structures. Serial sagittal images are most useful for demonstrating '"normal" rCBF in the middle cerebral artery distribution. This can be observed in Fig. 1 , where the sagittal sections through the temporal lobe planes show homoge neous tracer activity. Overall there exists a good correlation between SPECT/IMP and comparable transaxial XeCT images, except in the posterior parietooccipital areas (visual cortex) where rCBF appears somewhat greater with SPECT/IMP than with XeCT.
Case 2 (G. L. ) (Fig. 2) This 52-year-old man had a right middle cerebral artery distribution cerebrovascular accident with left-sided hemiparesis 4 months previous to these studies. Baseline CT scans obtained at the same levels as the XeCT show an infarcted area in the right posterior temporal and parietal areas. XeCT shows no flow to these areas, but in addition re duced flow is seen to the rest of the right hemi sphere when compared with similarly located areas in the left hemisphere. SPECT/IMP trans axial images are similar in appearance to comparable XeCT images. There is a definite absence of rCBF in the same right posterior temporal and parietal lobe areas and reduced rCBF in the rest of the right as compared with the left hemisphere.
For SPECT/IMP, abnormalities are classified as absence of rCBF only if no activity is detected in a zone extending from deep structures out to the pe riphery of the brain. A classification of reduced rCBF is similarly constrained. If "'reduced" or "'absent" rCBF (compared with that in adjacent areas, contralateral hemisphere, and known normal appearance) is seen on SPECT/IMP, an infarction can be excluded only by reviewing the CT at the same level. This is due to the possibility that the infarcted area may be smaller than the SPECT/IMP resolution can demonstrate, although a larger peri infarct area of reduced rCBF (primary or secondary to hypometabolism) is often resolvable. A similar problem of classification, but not as severe, would exist for XeCT.
Case 3 (O.K.) (Fig. 3) This 54-year-old man, who 6 months prior to rCBF evaluation had several episodes of reversible left-sided visual field defects, left-sided numbness, and left arm paresis, was without obvious residual deficit at the time of rCBF imaging. Angiography showed an occluded right internal carotid artery with extensive collateral flow around the block. CT was normal. A region of reduced but not absent rCBF in the right parietooccipital area is seen with XeCT (with a corresponding normal CT slice). The patient's previous visual field problems would cor respond to the functional effect of reduced rCBF to this abnormal area. In the SPECT/IMP images, the same abnormal region in the right parietooccipital area is seen. The SPECT/IMP sagittal slice through the right temporal lobe clearly demonstrates re duced flow in the right middle cerebral artery dis tribution. SPECT/IMP also shows slightly de creased rCBF to the right as compared with the left hemisphere on the transaxial and coronal images; this is not easily appreciated in the XeCT images.
DISCUSSION
Both XeCT and SPECT/IMP methods of rCBF measurement have changed substantially since they were first introduced. The current CT scanners have increased signal/noise ratio and improved sta bility, allowing quantification of xenon partition through the brain with levels of xenon/oxygen con centration (�35%) that are not anesthetic. New CT scanners have shorter scanning times and pro- grammed incremental table movements that make possible the acquisition of up to three brain levels during a single inhalation period. The in vivo auto radiographic method for calculation of rCBF during the saturation phase of xenon inhalation allows the calculation of the local solubility of xenon, which may be of some significance as this has been shown to change with cerebrovascular pathology such as infarcts. XeCT has already been used to demon strate changes in rCBF with age and cerebrovas cular disease that correlate well with data from 133Xe washout rCBF studies. XeCT has a higher resolution than SPECT/IMP and affords direct comparison with the anatomy demonstrated by conventional CT. Little work has been reported that correlates changes in rCBF by XeCT using tasks causing local cerebral activation as has been done with positron tomography or with I33Xe washout studies. However, it could be expected that XeCT would show changes in rCBF similar to those demonstrated by 133Xe washout using similar cognitive tasks designed to elicit changes in rCBF. SPECT/IMP has been compared with SPECT with 133Xe washout for rCBF images, and although there are strong similarities, some differences exist. rCBF calculated by the quantitation of IMP cere bral distribution in conjunction with arterial sam pling compared with that by radiolabeled micro spheres has been shown to be accurate only when done within the first 10 min of injection (Kuhl et aI., 1982) . More recently an imaging study comparing SPECT/IMP with SPECT/Xe has demonstrated that rCBF by the latter technique correlates best with rCBF images by the former done within the first 30 min after injection (Buell et aI., 1985) . Al though differences in rCBF quantitation may be ap preciated with SPECT/IMP imaging times longer than 30 min, data through 60 min are considered to be diagnostically valid (Lassen et aI., 1983h) . Last, it'has been noted that the "luxury perfusion" dem onstrated by both positron tomography and 133Xe washout measurements is, so far, not seen with SPECT/IMP (Lee et aI., 1982h) . Explanations for this observation include alteration by stroke of local factors (in addition to local tlow) that could effect the local deposition of IMP, such as metabo lism (Holman et al., 1982) ; availability of nonspe cific amine receptor sites (Winchell et aI., 1980) ; and pH (Kung and Blau, 1982) . A recent study comparing the distribution of IMP in cerebrovas cular disease to the PET measurement of rCBF and oxygen metabolism showed that in those patients with increased rCBF in an infarcted area where ox ygen metabolism was depressed ("luxury perfu sion"), the distribution of IMP was similar to that of oxygen metabolism (Yonekura et a!., 1985) . Thus, although it cannot be assumed that the "rCBF" images from SPECT/IMP will be identical to those from XeCT, differences between them may have important implications with regard to cerebral metabolism in these discrepant areas.
While dedicated SPECT head units are relatively rare, general-purpose rotating gamma-cameras have been modified and are now commercially available with a "cutoff " camera head and suitable head holder that allow a closer radius of rotation, giving better-quality data for head studies (Larsson et aI., 1984) . Work continues on optimum collima tion for 123}, which depends on the method of 123 1 synthesis. The 1231 used in the studies reported here is produced by the (p,2n) synthesis from 124Te, which results in up to 4% 1241 impurity, the high-en ergy photons of which make the choice of a suitable collimator difficult. Imaging times of 40 min were selected to compensate for a rotating gamma camera's lower sensitivity compared with a dedi cated head system (with more detectors) for SPECT. Although improvements in SPECT instru mentation and less 124 1 impurity should give even better images than presently available, it was felt that a comparison of rCBF images by the XeCT and the SPECT/IMP techniques would be helpful in determining if clinically significant differences could be seen.
Some differences between SPECT/IMP and XeCT were apparent before actually comparing the images. The resolution (full width at half-max imum) of SPECT/IMP for our head-optimized ro tating gamma-camera system is 15-20 mm, while for XeCT it is 6-9 mm; however, in our small popu lation of patients, no abnormalities were missed owing to the poorer resolution of SPECT/IMP. With the poorer resolution it is possible to miss abnor malities such as brainstem infarcts with SPECTI IMP ; however, with the limited sampling usually available with XeCT (two to three slices), a small area might be missed that is instead apparent by the serial tomographic sections through the whole brain by SPECT/IMP. The dosimetry of IMP is 0.5 reml mCi (whole body); for XeCT there is 10-20 rads to the tissue examined. Furthermore, Xe inhalation requires comprehension of instructions and active patient cooperation, which may be difficult to achieve for patients with cognitive and linguistic deficits. An advantage of XeCT is its potential for studies at shorter intervals than with SPECT/IMP, related to the significantly longer biologic clearance of IMP than xenon.
Material costs are $175 (U.S.) for a 3.5-mCi dose of IMP and $70 (U .S.) for the xenon with XeCT.
Acquisition and processing of SPECT/IMP take 80 min total time, while XeCT takes 45 min. Although the cost of raw materials and duration of exam might favor XeCT, relative major equipment costs and availability for lengthy procedures tend to equalize the overall expense of these procedures. Last, rCBF (mIIIOO g/min) can be quantitated non invasively by XeCT by monitoring end-expiratory xenon concentration, but arterial blood sampling is necessary for similar quantitation of rCEF by SPECT/IMP. Since XeCT images tend to be initially interpreted by a visual method for the presence of cerebrovascular disease, the significance of rCEF quantitation by XeCT is reduced.
Evaluation of the nine patients studied for this preliminary report shows that the diagnostic advan tages of XeCT are easier anatomic correlation with CT, particularly for deep brain structures, and non invasive quantitation of rCBF with the possibility of short-interval repeatability. The diagnostic ad vantages of SPECT/IMP are visualization of the en tire brain on transverse, coronal, and sagittal tomo grams and good discrimination between areas of absent, reduced, and normal flow. Although each of these techniques of rCEF measurement has its own intrinsic value, we assert that SPECT/IMP and XeCT are synergistic when used together. Of course, in acute situations where rCEF is changing rapidly over time, only one technique usually will be employed. However, when rCBF is stable, as for the cases of cerebrovascular disease reported in this article, the clinician may choose to use both techniques. SPECT/IMP should be employed to screen the whole brain to determine if rCBF abnor malities exist, and XeCT, with its greater resolution and ability to quantitate rCEF noninvasively, could then be used selectively to study abnormal areas in greater detail.
